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Introduction
Currently in molecular radiotherapy (MRT), there is an increasing interest in exposure parameters based on radiobiological models, which are believed to have the potential to better predict the effect of the treatment than absorbed dose alone (Barone et al. 2005; Dewaraja et al., 2010; Strigari et al., 2010; Strigari et al., 2011; Strigari et al., 2014) . The most commonly used quantity is the biologically effective dose (BED), a radiobiological concept which was first introduced with a different name by Barendsen (1982) and was later renamed BED by Fowler (1989) . The BED of a given treatment is defined as the hypothetical absorbed dose required to obtain the same biological effect if given with infinitesimal fractions or, for the case of protracted irradiation, with infinitely low absorbed-dose rate (Barendsen, 1982; Fowler, 1989) . One aspect of BED is that it can be used to compare treatments given with different irradiation time-patterns with respect to the expected radiobiological response of tissues (Dale, 1990; Fowler, 1990; Howell et al., 1994; Dale and Carabe-Fernandez, 2005; Cremonesi et al., 2008) . Since tumour and normal tissues typically respond differently to changes in the absorbed-dose rate or fractionation schedule, the irradiation time-pattern can be optimised using BED calculations (Dale, 1986; Millar, 1991) .
For fractionated external beam radiotherapy (EBRT), the most commonly used expression for BED relies on the assumption that the time intervals between two consecutive fractions are long compared to repair half-times, so that sublethal damage repair can be considered to be effectively complete between fractions (Fowler, 1989) . The total BED is then the sum of the BED of each fraction, that is, BED is linearly additive. For fractionated MRT, i.e. MRT given in several administrations of activity, it has also been assumed that the BED is linearly additive (Cremonesi et al., 2006; Baechler et al., 2008; Cremonesi et al., 2008) . However, this assumption is not valid when administrations are performed close in time, so that there is an appreciable interplay between the absorbed-dose rate curves corresponding to different administrations, i.e. when there are sublethal damages caused by the absorbed-dose rate curves resulting from different administrations that can combine into lethal damages. In order to analyse such fractionated schedules of activity delivery, the equations used to calculate BED need to be further developed.
Fractionated MRT may be studied for several reasons. When the primary organ at risk is a late-responding tissue, fractionation in EBRT is known to give a tissue sparing effect. This gives the possibility to increase tumour BED while keeping normal tissue BED constant, as explored in MRT for 90 Y-microsphere radioembolisation treatment of hepatic lesions (Cremonesi et al., 2008) . Another reason to introduce fractionation may be for legal considerations, when treatment centres have a licence that specifies a maximum authorised activity for a radionuclide to be stored or handled in the facility. This limits the activity to administer for the heavier patients in treatments prescribed based on patient mass (Otte et al., 1999; Yanik et al., 2002; Gedik et al., 2008) . Yet another reason may be the practical handling of high prescribed activities, in view of the radiological safety of staff, for which fractionation may be a feasible way to reduce the effective dose to individual workers. A fourth reason to introduce fractionation may be absorbed-dose planning during the first administration to be used in subsequent administrations. One particular example of fractionated MRT is the treatment of neuroblastoma (NB) with 131 I-metaiodobenzylguanidine (mIBG) following the schedule by Gaze et al. (2005) . In this schedule, two administrations separated by a fortnight are given, where the first is prescribed as activity per body mass (444 MBq/kg), and the second is tailored to deliver a whole-body absorbed dose of 4 Gy in total for the two administrations. Being designed as a myelo-ablative treatment, stem-cell harvesting is included in this schedule and stem-cell rescue is performed at approximately four weeks after the first administration. Generally in treatments with 131 I-mIBG, liver uptake is significant (Koral et al., 2008) and possible liver toxicity has been addressed in NB treatments (Quach et al., 2011) .
The motivation of this work was a clinical treatment of NB at the Gurutzeta-Cruces University Hospital, where a patient was treated compassionately with 131 I-mIBG. The patient mass was 63 kg, which according to the protocol by Gaze et al. (2005) implied an administered activity of 28 GBq for the first administration, and assuming that the whole-body absorbed dose would be close to 2 Gy (Minguez et al., 2015) , another 28 GBq for the second administration. However, since the maximum authorised 131 I activity at the Gurutzeta-Cruces University Hospital is 14.8 GBq, a modification of the schedule was necessary. In practice, two administrations below the permitted level were given, similarly to what was carried out by Sudbrock et al. (2010) . An alternative way, that would have allowed for maintaining the protocol-prescribed total activity and thus the whole-body absorbed dose, as well as not interfering with the stem-cell rescue, would be to divide the activity into multiple administrations distributed over the twoweek time frame allocated for each of the two original administrations. Since a modification of the schedule of activity delivery results in a change in the delivered BED, it is of interest to elucidate the magnitude of the changes.
In this work, an expression for calculating BED in fractionated MRT is derived, which takes the interplay between sublethal damages resulting from absorbed-dose rate curves corresponding to different administrations into account. A general comparison between the expression derived in this study and that used in previous studies is performed. As an example application, BED is analysed for tumour and liver for the twoadministration NB treatment schedule used in 131 I-mIBG following Gaze et al. (2005) . Moreover, BED is analysed for schedules where additional fractionation is introduced for the purpose of complying with local regulations in situations when the patient mass infers an activity to administer which is above the maximum authorised activity, and for a two-administration schedule in which the maximum authorised activity is delivered.
Methods

2.1.Current BED expression in fractionated MRT
For protracted irradiation, such as in MRT, the BED at time T after the start of treatment is given by:
where α (Gy -1 ) and β (Gy -2 ) are the respective linear and quadratic radiosensitivity coefficients, G(T) is a dimensionless function called the Lea-Catcheside G-factor (Lea and Catcheside, 1942) which takes the reduction in cell kill due to repair of sublethal damages during irradiation into account, and D(T) is the absorbed dose, given by:
where R(t) represents the absorbed-dose rate as a function of time.
Most often, repair is assumed to follow first-order kinetics and is modelled by a monoexponential function with rate constant µ. The function G(T) is then given by (Kellerer and Rossi, 1974; Gustafsson et al., 2013a) :
For MRT delivered in one administration, where R(t) follows a monoexponential function with decay constant λ and the end of irradiation is considered to be infinity, then lim →∞ ( ), here denoted as 1,∞ where the first subindex denotes the number of administrations, is given by:
MRT can also be delivered in a number of administrations, n (fractionated MRT). For situations when the absorbed-dose rate curve has the same monoexponential behaviour in all administrations, previous publications (Cremonesi et al., 2006; Baechler et al., 2008; Cremonesi et al., 2008) have given the following expression for BED:
where di is the absorbed dose given during each administration. A particular case is that in which an equal amount of activity is given in all administrations, i.e. when di = D/n. Equation (5) then results in:
However, (5) and (6) are only valid for well-separated administrations so that the absorbed-dose rate curves associated with the individual administrations can be considered separately without interaction between them. Figure 1 shows an example of the absorbed-dose rate as a function of time when D is given in four administrations with a time interval between administrations, t, of 48 h, in which (6) would not be valid. As illustrated, the absorbed-dose rate used in the calculation of the G-factor depends not only on n, but also on t. Thus, the integrations in (3) should not be performed by viewing each administration independently, but need to take t into consideration.
Appendix A shows the derivation of ,∞ for fractionated MRT given in n administrations with an equal amount of activity in each adminsitration.
2.2.Analysis of fractionated 131 I-mIBG treatment of NB
As starting point, we use data from the afore-mentioned NB patient. According to the schedule by Gaze et al. (2005) , the patient mass of 63 kg implies an administered activity of approximately 28 GBq, given in two administrations separated by two weeks. In order to comply with the local regulations of a maximum of 14.8 GBq in each administration, different modifications of this schedule are analysed. In principle, such modification can be made in different ways, but a natural choice is to use equal amounts of activity and equal time intervals between administrations. Thus, the following schedules of activity delivery are considered: 1) two administrations each of 28 GBq separated by 336 h (2 weeks); 2) four administrations each of 14 GBq separated by 168 h (1 week); 3) six administrations each of 9.33 GBq separated by 112 h; 4) eight administrations each of 7 GBq separated by 84 h and 5) two administrations each of 14.8 GBq separated by 336 h. Schedule 1 thus follows from the Gaze protocol, in schedules 2-4 the protocol-prescribed administered activity and timing of stem-cell rescue are maintained according to the protocol, and in schedule 5 only the locallypermitted maximum activity is given in each of the two administrations. Figure 2 illustrates the considered schedules of activity delivery. For the further analysis representative dosimetric data are required, and are derived both from literature and from the afore-mentioned patient (see Appendix B). From the patient data for the liver, the absorbed dose per unit of administered activity, D/AAdm, was obtained to 0.29 Gy/GBq and the effective decay constant (physical decay combined with biological washout), λ, to 0.009 h -1 . In Giammarile et al. (2008) , D/AAdm, was obtained to 0.83 Gy/GBq, and in Jacobsson et al. (1985) , λ was obtained to 0.025 h -1 . It is worth noting that the liver 131 I-mIBG washout exhibits one fast and one slow phase (Koral et al., 2008) , and that data for the considered patient correspond to the slow phase, as estimated from late acquisition times. For tumour, reported values of D/AAdm and λ in the same patient are few and data from our patient study are therefore used, where D/AAdm and λ obtained were 1.50 Gy/GBq and 0.008 h -1 , respectively. These values are within the ranges reported by Buckley et al. (2007) .
Regarding radiobiological parameters, α/β values obtained in vitro for a variety of human NB cell lines have been reported. For instance, Courdi et al. (1992) reported a value of 1.85 Gy for the CHP100 cell line, Holmes et al. (1990) gave values of 5.00 Gy for the HX138 cell line and 9.38 Gy for the HX142 cell line, and Marchese et al. (1987) reported a value of 17.59 Gy for the SK-N-SH cell line. In Fertil and Malaise (1985) , Malaise et al. (1987) and Amin et al. (1995) , NB was included among highly responsive tumours and values of 7.11 Gy, 8.31 Gy and 13.08 Gy were respectively reported. For the purpose of this study, the lowest and the highest α/β values found in the literature, i.e. 1.85 Gy and 17.59 Gy, respectively, are applied. For µ of tumour, values of 0.46 h -1 (Amin et al., 1995) and of 1.28 h -1 (Brenner and Hall, 1991) , have been reported, and both values are used for calculations. The pair of radiobiological parameters (α/β =1.85 Gy, and µ=0.46 h -1 ) is used to represent tumours that are sensitive to fractionation and typically also slow-growing, while the second pair of values (α/β =17.59 Gy and µ=1.28 h -1 ) is used to represent highly proliferative tumours which are less sensitive to fractionation. The proliferation rate parameterised in terms of doubling time (Dale, 1996) is not explicitly considered in this work, and the proliferative properties associated with different radiobiological parameters only reflect typical characteristics of tumours. For the liver, values of α/β and µ of 2.5 Gy and 0.28 h -1 respectively, are applied (Cremonesi et al., 2008) . Table I summarises the radiobiological and pharmacokinetic parameters used. The BED of tumour, BEDTum, and of liver, BEDLiv, are calculated for the schedules of activity delivery shown in Figure 2 , using the equations developed in this study and using previously published equation (6), for parameter values listed in Table I . In addition, the computer program developed by Gustafsson et al. (2013b) , in which BED calculations are performed using a discrete convolution, is used for independent verification of results.
Results
3.1.Mathematical expression for BED in fractionated MRT
In Appendix A it is shown that for situations when repair is modelled by a monoexponential function, the time-dose-rate curve shows the same monoexponential behaviour in all administrations, and an equal amount of activity is given at equally spaced time intervals, t, the expression for ,∞ is given by:
where the function ( ) is defined as
Once ,∞ is known, the BED can be calculated according to:
It can be noted that BED in (9) depends on D, λ, µ, α/β, n and t, while BED in (6) depends on the same parameters except for t. From (4) and (7) it is seen that the first term in ,∞ is identical to 1,∞ / , while the term within braces describes the increase in the G-factor due to interplay between absorbed-dose rate curves. In order to analyse the properties of the last term we define the function according to:
From (8) and (10) it is seen that 1 ( ) evaluates to zero, and 1 evaluates to unity, which is thus consistent with (4) and (6).
In the majority of MRT, the repair half time is much shorter than the effective half-life of the radiopharmaceutical, i.e. µ >> . The properties of (10) can be analysed by defining a variable = / , so that
Thus, it is seen that when s >> 1, can be approximated as:
The parameters that are most influential for are n and the product Δ . Figure 3 shows obtained from (10) and (12) as a function of Δ for values of n = 1, 2, 4, 6 and 8. For (10) a value s of 58 is used, corresponding to values of µ and of 0.46 h -1 and 0.008 h -1 , respectively (case ITum). However, as long as µ >> , mainly depends on the relation between and Δ , as shown by results from Equation (12). Figure 4 shows BEDTum as a function of t for case ITum (ITum : α/β=1.85 Gy, µ=0.46 h -1 , D/AAdm=1.5 Gy/GBq and λ=0.008 h -1 ), when two administrations, each of 28 GBq, are given. It is shown that, in this example, (6) and (9) give approximately the same BED for large t, but as t decreases, (9) gives higher values than (6). As t goes to zero, the BED obtained from (9) approaches the BED for a single-administration treatment (BEDTum = 149.2 Gy), as calculated using (9) for n = 1, which is thus consistent. BED values from (6) are independent of t and thus do not approach the singleadministration BED for short t. (6) and (9) when two administrations, each of 28 GBq, are given. N. B. Values of the vertical axis do not start at 0. Figure 5 shows values of BEDTum for cases ITum and IITum, and values of BEDLiv for cases ILiv and IILiv, when (6) and (9) are used. When using (9) for cases ITum and ILiv the BED decreases for schedules 2, 3 and 4 as compared to schedule 1, with maximum differences obtained of 12% and 29% (calculated as difference with regard to schedule 1) for cases ITum and ILiv, respectively. For cases IITum and IILiv the BED remains relatively constant for schedules 1, 2, 3 and 4, with maximum differences obtained of below 1% and 4%, for IITum and IILiv, respectively. Comparing schedule 5 with schedule 1, the BED decreases with differences obtained of 47%, 58%, 47% and 50% for cases ITum, ILiv, IITum and IILiv, respectively. The differences between (6) and (9) are higher for the shorter time intervals between administrations, and in all cases (6) underestimates the BED, with differences obtained for schedule 4 (calculated as difference with regard to (9)) of 12.3%, 0.6%, 4.0% and 3.4%, for cases ITum, IITum, ILiv and IILiv, respectively. The differences in BED obtained from using (9), and using methods described by Gustafsson et al. (2013b) are below 0.01% for all calculations performed, showing that the two methods for BED calculation are consistent.
3.2.Application to fractionated 131 I-mIBG treatment of NB
Discussion
This study investigates the effects on BED of fractionation in MRT, in particular in NB treatments with 131 I-mIBG. For this purpose an expression for the Lea-Catcheside Gfactor is derived, which in contrast to the previously used expression (Cremonesi et al., 2006; Baechler et al., 2008; Cremonesi et al., 2008) , includes the possibility that pairs of sublethal damage caused by radiation associated with different administrations combine into a lethal damage. As shown by (7) the function ,∞ in the Lea-Catcheside G-factor integrated up to infinite time for n administrations, depends on λ, µ, n and t, while the formerly used equation (6), depends on the same parameters except for t. In (10) it is shown that a function can be identified that constitutes the factor to which the formerly used expression, 1,∞ / , should be multiplied in order to give ,∞ . In (11) it is demonstrated that for the majority of MRT, where the repair half time is much shorter than the effective half-life of the radiopharmaceutical, i.e. µ >> , the parameters that are most influential for are n and the product Δ , and the approximative expression in (12) can then be applied. Figure 3 shows the values of as a function of Δ , for different n. It is seen that if Δ is large, the function evaluates to one, and ,∞ thus equates 1,∞ / . When Δ decreases, gradually increases. For instance, when Δ is in the order of 1/ , and a two-administration treatment is given, the function evaluates to 1.5. increases as function of n, mostly so for few administrations, while when using many administations converges towards a value that is dependent on Δ . In clinical planning of fractionated MRT, parameters that need to be defined are n and t. Figure 3 can here be used to estimate the importance of , and thus ,∞ , for different combinations of n and Δ .
The derivation in Appendix A starts with a general discussion about the properties of the G-factor for repeated, identical irradiation time-patterns without explicit assumptions on the particular form of the time-pattern, time separation, or choice of repair function. Further assumptions, e.g. equal time separations and a monoexponentially decaying absorbed-dose rate, are introduced when needed. The adopted approach, starting from a general perspective, is believed to be useful since, potentially, the intermediate results may be applied also to other time-patterns or repair functions. Although the derivation is relatively long, we find that the final expression for the Gfactor in (7) is surprisingly simple. This makes the formula practically useful for theoretical reasoning about the effects of fractionation in MRT.
The simplicity of the BED expression comes to the cost of some assumptions. In principle, the assumption of equidistant administrations with the same activity may limit its application, but it is noted that this is the aimed pattern in the schedule by Gaze et al. (2005) , and also in other MRT, for instance using 177 Lu-DOTATATE (Delpassand et al., 2014) and 223 Ra-chloride (Lassmann and Nosske, 2013) . Although the practical application of the BED formula has been focussed on 131 I-mIBG, it can be applied to other types of fractionated MRT. Recently, different therapeutic schemes in 177 Lu-DOTATATE and 90 Y-DOTATOC MRT have been compared from a radiobiological viewpoint (Sarnelli, 2015) . Regarding the assumption of mono-exponential decaying absorbed-dose rate, this assumption is commonly made (Millar, 1991) , although, in principle, it is often an approximation of a more complicated time-pattern. For a more complex situation where these assumptions do not apply one possibility would be to use numerical methods for calculating the BED (Gustafsson et al., 2013b) . Another limitation is that effects of proliferation have not been addressed, the main reason being that such effects would probably be similar between the investigated schedules of activity delivery given that the rate of repopulation is assumed to be modest, but also that data on such effects in MRT are highly limited.
As an example application of the derived expression for calculation of BED, different schedules for myeloablative 131 I-mIBG treatment of NB are analysed. The original motivation was a clinical situation when the activity to administer, calculated according to the schedule by Gaze et al. (2005) , exceeded the maximum authorised activity limit of 14.8 GBq. For patients exceeding 33 kg, the prescription 444 MBq/kg can thus not be followed at the Gurutzeta-Cruces University Hospital. Although patients treated for NB usually have lower masses, in the study by Buckley et al. (2009) , 5 out of 26 of the included patients (19%) had masses exceeding 33 kg. Thus, in facilities where there is an upper activity limit, additional fractionation may be an option in order to follow the total prescribed activity while still complying with local regulations.
As starting point for the BED analysis, data from a patient case, as well as literature values of pharmacokinetic and radiobiological parameters for liver and tumour are used. The choice of liver as the organ at risk is motivated by the inclusion of bone marrow support in the treatment, and observations of a sometimes high liver accumulation of 131 I-mIBG (Koral et al., 2008) . Comparisons of the BED (BEDTum and BEDLiv) when calculated using the previously presented equation (6) and the new equation (9) are made for the original two-administration schedule (schedule 1) (Gaze et al., 2005) , as well as three schedules that include additional fractionation (schedules 2, 3 and 4) and a two-administration schedule with the maximum authorised activity (schedule 5). The difference in results for ITum and IITum is mainly governed by the α/β value used, and to a lesser extent by the μ value, whereas the difference between ILiv and IILiv is mainly governed by the values of D/AAdm used. It is worth pointing out that the total administered activity in schedules 2, 3 and 4 is the same as in schedule 1, and that they would not interfere with the timing of the stem-cell rescue in the original schedule 1.
As shown by the differences obtained between cases ITum and IITum (Figure 5 ), the choice of radiobiological parameters affects the obtained values of BEDTum. For tumours, values of α/β obtained from in vitro human NB cell lines are considered, since in vivo data could not be identified in the literature. To some extent this approach is supported by results in Carlson et al. (2004) , where in vitro and in vivo α/β values for prostate cancer were compared and found to be consistent.
With regard to pharmacokinetic parameters, for liver two cases are studied, cases ILiv and IILiv, representing high and low liver accumulation of 131 I-mIBG, respectively. For tumour tissue the analysis is limited to one set of values of D/AAdm and λ, as determined for a patient (Appendix B), because of the shortage of paired data in the literature. Higher values of D/AAdm would result in higher BEDTum differences between the different schedules shown in Figure 5 , and higher values of λ would result in higher differences in BEDTum, for the shorter t, and in lower differences for the longer t.
The assumption that the biodistribution and pharmacokinetics of 131 I-mIBG is identical in subsequent administrations can be questioned, but is supported by observations in the literature (Wafelman et al., 1994; Vallabhajosula and Nikolopoulou, 2011) . Accumulation in cells of mIBG occurs by two processes: a specific and saturable uptake, and a non-specific and unsaturable uptake (Vallabhajosula and Nikolopoulou, 2011) and according to Wafelman et al. (1994) , no saturation effects in the specific uptake have been observed for therapeutic doses of 131 I-mIBG. Moreover, in Minguez et al. (2015) , similar whole-body absorbed doses were obtained in two and even three subsequent administrations.
In Figure 5 it is shown that when there is a maximum permitted activity per administration, one way of maintaining the protocol-prescribed total activity is to give additional fractions, causing only a small loss in BEDTum. This is of relevance for current clinical treatments, where otherwise schedule 5 is commonly applied. It is also seen that the decrease in BEDTum is modest when changing from two to eight activity administrations while maintaining the total activity, and the differences between schedules 2 to 4 are probably of minor importance given the current practice of MRT where a specific tumour absorbed dose or BEDTum is normally not prescribed. Figure 5 also shows that the decrease in BEDTum is accompanied by a decrease in BEDLiv. Hence, from the perspective of the liver, fractionation could allow for a higher total activity and thus a higher BEDTum. This is of clinical relevance when aiming at optimising treatment protocols, starting from the perspective of radiobiological modelling (Sarnelli, 2015) .
To analyse the theoretical consequences of different schedules of activity delivery, the ratio BEDTum / BEDLiv can be studied to highlight the relationship between BEDTum and BEDLiv when introducing fractionation. The ratio of BEDTum to the BED of organs at risk has been suggested as a clinically useful metric to choose between different fractionation schemes in EBRT (Fowler, 2010) . In MRT we believe that this BED-ratio may be interesting, since BEDTum and the BED of organs at risk cannot be treated separately, but both depend on the amount of administered activity. The particular value of the ratio does not have a meaning in itself, but the change in the ratio for different schedules of activity delivery illustrates the consequences of changing schedules, in view of different values of radiobiological and pharmacokinetic parameters. For such an analysis to be useful, it is important that the trend in the BED ratio, in our case BEDTum / BEDLiv, does not change with the total amount of administered activities for clinically relevant ranges. Figure 6 shows the ratio BEDTum / BEDLiv, calculated for cases ITum−IILiv and IITum−ILiv for schedules 1-4 in Figure 2 , and as a function of the administered activity. Figure 6 . Values of BED Tum / BED Liv obtained using (9) for cases I Tum -II Liv (left) and II Tum -I Liv (right). Top panels show the ratio for schedules in Figure 2 , while bottom panels show the ratio as function of the total administered activity, where the star indicates that the administered activity is not maintained as in Figure 2 .
It is seen that in cases ITum−IILiv, the ratio BEDTum / BEDLiv gradually decreases in schedules 2, 3 and 4 with regard to schedule 1, mainly due to the decrease in BEDTum for ITum, while BEDLiv for IILiv, representing a low liver uptake, remains nearly constant ( Figure 5 ). In the combination of cases IITum−ILiv the ratio BEDTum / BEDLiv increases in schedules 2, 3 and 4 with regard to schedule 1. The increase is mainly governed by the loss of BEDLiv for ILiv, while BEDTum for IITum, with a high α/β, is less sensitive to fractionation. As shown in the bottom panels, the value of the ratio depends on the administered activity, but the order of the different schedules does not change. Thus, if a therapy can be designed so as to keep the BED of an organ at risk at a constant level, the BED-ratio may be useful to analyse the possible consequences of fractionation. In our cases, if BEDLiv was to be kept constant, fractionation would imply a higher BEDTum in cases IITum−ILiv but a lower BEDTum in cases ITum−IILiv, and the possible gain or loss in BEDTum would depend on the administered activity.
In the protocol by Gaze et al. (2005) for 131 I-mIBG treatment, a limit of the total wholebody absorbed dose of 4 Gy is applied, and the total amount of administered activity can thus not be increased. Therefore, the ratio in Figure 6 is not intended to change the administration protocol for this particular treatment, but merely to highlight and discuss the consequences of fractionation.
Conclusions
In this study, a formula for the Lea-Catcheside G-factor was developed to be applied for BED calculations in fractionated MRT. The new formula takes the possibility of interplay between the absorbed-dose rate curves resulting from different administrations into account. An approximate expression was also derived, showing that the differences between the previous and new expression are mainly governed by the number of administrations, and the product of the time interval between administrations and the effective decay constant of the radiopharmaceutical.
As example application, the BED of treatment was analysed in a two-administration schedule for NB treatments with 131 I-mIBG, in which the activity per administration exceeded the legally authorised activity. The introduction of additional fractionation resulted in a modest decrease in BED of tumour, in comparison to the BED decrease obtained when adjusting the administered activity to the authorised limit.
Appendix A. Derivation of the Lea-Catcheside G-factor for fractionated MRT.
In this appendix, equation (7) will be derived. To begin with, some properties of BED for repeated, general absorbed-dose rate functions are formulated, as well as their relationship to BED for a single irradiation. These properties are then applied to the special case of fractionated MRT.
The general case
Denote the absorbed-dose rate as a function of time as ( ) and the function describing repair of sublethal damages as ( ). Assume that ( ) is composed of identical absorbed-dose rate functions ( ) that each is translated a time Ti, according to
The function ( ) will henceforth be referred to as a fraction.
For notational convenience, define a zero-padded repair function, ( ),
Following Gustafsson et al. (2013a) the effects of repair can be modelled as a convolution between the functions and ,
The Lea-Catcheside G-factor, can then be calculated as
where is the total absorbed dose, is the absorbed dose from each fraction and 
Combining (A1), (A3) and (A6) gives that
Inserting into (A5) leads to
where a change of variables = − for each term has been performed in the last step.
The double sum in (A10) can be seen as a sum of elements in an × matrix where for each element , above the diagonal there is a corresponding element , below the diagonal. Define the time differences as Δ , = − . These differences have the properties Δ , = −Δ , and Δ , = 0. The summation in (A10) can thus be simplified according to
The first term in (A11) represents the contribution to from sublethal damages that interact within a fraction, for which expressions for p , and hence p , can be found in standard literature for most common r. The second term, further on denoted as c , represents the contribution from cross-interaction of radiation sublethal damages between different fractions. in (A4) can thus be expressed as = 2( p + c ) ( ) 2 = p + 2 c ( ) 2 .
(A12)
The following derivation will focus on the expression of c for equidistant fractions.
Equidistant fractions
Assume that fractions are given at equal time intervals, Δ , e.g. = ⋅ Δ . This causes the time differences to have the additional property of Δ , = Δ +1, +1 . So, in the expression for c for every there will be − terms identical to the term , 0. The double sum in (A11), can thus be evaluated according to
Mono-exponential functions
For the specific case of fractionated MRT with monoexponentially decaying absorbeddose rate functions, let
where 0 is the absorbed-dose rate at time zero, and  is the effective decay constant.
Also assume that repair follows mono-exponential kinetics with rate constant µ, i.e. 
It can be shown that for a constant ≠ 1
which can be proven by noting that
Using ( 
Define the function
so that
Inserting (A24) into (A12), the expressions for the absorbed dose, i.e. = 0 / , and for a mono-exponential function combined with a mono-exponential repair function, i.e. 
which is the sought relationship.
Appendix B. Tumour and liver dosimetry.
Image-based dosimetry for tumour and liver was performed using a hybrid planar-SPECT/CT method (Koral et al., 2000) . Patient acquisitions were performed by planar anterior-posterior whole-body imaging at 46 h and 114 h post-administration, and SPECT/CT imaging at 114 h. A dual-head General Electric (GE, Fairfield, CT, USA) Infinia Hawkeye gamma camera was used, with a crystal thickness of 9.5 mm and equipped with high energy general purpose collimators. Planar imaging was performed using a scan speed of 12 cm/min, a matrix size of 2561024, and a pixel size of 0.22 cm. SPECT projections were acquired in 60 angles, each of 60 s, using a matrix size of 128128 and a pixel size of 0.44 cm. A 20% energy window centred at 364 keV was used.
The SPECT calibration factor was measured using an elliptically shaped phantom of approximately 4 litres which was filled with a known amount of activity (Dewaraja et al., 2012) . SPECT acquisitions were performed as described above, although for the phantom an additional 20% energy window centred at 297 keV was also used. SPECT image reconstruction was performed using the ordered subsets expectation maximization algorithm in a GE Xeleris work station, using 2 iterations and 10 subsets. CT-based attenuation correction was included for both patients and the calibration phantom. In phantom SPECT reconstructions, scatter correction was performed using the dual-energy-window method in the GE Infinia Hawkeye system. For patient images, where the scatter energy-window data were not available, scatter correction was performed by a phantom-derived scatter factor. This factor was derived from the phantom SPECT images, when reconstructed with and without scatter correction.
The SPECT calibration factor was determined as the total number of counts in a volume corresponding to the phantom. This value was divided by the acquisition time and the contained activity, thus giving the calibration factor in unit of cps/MBq. The patient SPECT/CT images were processed by manually delineating volumes of interest (VOIs) around tumour and liver in fused images, and determining the activity by dividing the SPECT VOI count rate by the calibration factor. From a relationship of the mass density versus the CT number, previously determined using a CT calibration phantom, the tumour and liver masses were determined from CT images as the mass density multiplied by the volumes.
The time-activity curve was determined from the planar images. Regions of interest (ROIs) were delineated over tumour and liver and the geometric mean of the ROI count rates calculated. Background correction was included by delineating equally sized ROIs near the tumour or liver, and avoiding any visible uptake. For attenuation correction, the extension of the tumour and liver in the anterior-posterior direction, and the patient thickness in these regions, were measured in CT images. The tumour and liver activities determined from the SPECT/CT image acquired at 114 h was used to renormalize the time-count rate curve determined from the planar images. The cumulated activity was determined by integration of this renormalized time-activity curve, and the absorbed
